Single-molecule magnets (SMMs) are discrete molecules exhibiting magnet-like behavior and have attracted considerable attention for potential applications in high-density information storage and nanoscale electronics.
[1] Lanthanide ions provide many of the best examples of SMMs,o wing to the significant magnetic anisotropy originating from strong spin-orbit coupling and crystal-field effects,which can lead to large spin reversal energy barriers. [2] However,t he factors influencing the magnetization dynamics for lanthanide-based SMMs are still obscured by the complicated magnetic nature of lanthanide ions,i ncluding the spin-orbit coupling,h igh magnetic anisotropy,w eak magnetic exchange interactions, and multiple relaxation pathways.T he main factor that governs the intrinsic relaxation barrier for such species is considered to be symmetry-related single-ion anisotropy.
[2c, 3] Other factors,s uch as hyperfine couplings,d ipolar spin-spin interactions,a nd transverse internal fields,c ould also lower the effective relaxation energy barrier by introducing fast quantum tunneling of the magnetization. [1b,4] Theh yperfine couplings can be effectively tuned by utilizing isotopically pure or enriched lanthanide sources, [5] whereas the other two factors,s pin-spin interactions and transverse internal fields, can be suppressed by magnetic dilution [5, 6] or strong exchange interactions between lanthanide ions. [7] To date,itisoften still quite challenging to prepare isotopically enriched or magnetically dilute samples or, in particular, to introduce strong magnetic exchange coupling in most lanthanide systems. [5] [6] [7] In this context, aregular platform that can provide fine tuning of SMM behavior is of great interest to the field.
Metal-organic frameworks (MOFs) constructed from inorganic nodes and organic linkers are ap romising class of functional molecule-based materials because their highly porous structures can accommodate aw ide variety of differ-ent guest molecules.M OFs have shown great potential for an umber of applications,i ncluding gas storage and separations, [8, 9] chemical sensing, [10] and catalysis. [11] Ac urrent synthetic challenge,h owever, is to create porous MOFs in which SMMs serve as the nodes,thereby providing ameans of tuning the magnetization dynamics through the influence of different guest molecules within the pores.I np rinciple, different sizes,s hapes,a nd hydrogen-bonding capabilities of the guest molecules could drastically influence the SMM behavior, as has been demonstrated for example by supramolecular effects within as eries of molecular species of the type Ln III -DOTA( H 4 DOTA = 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid). [12] Herein, we demonstrate how the magnetization dynamics of SMM nodes in al anthanide-based MOF can be tuned through guest exchange.
[6d, 13, 14] 2 (Dy 2 -A) without solvent, is introduced and investigated for guest-dependent magnetic properties.A s aresult of the porous nature of the structure,exchange of the guest molecules can be achieved through as ingle-crystal to single-crystal transformation, leading to major changes in the magnetic relaxation behavior. As demonstrated using ab initio calculations,this effect is aresult of the high sensitivity of the crystal field of the Dy III ions to modifications in their environment.
Themetal-organic framework Dy 2 -DMF was synthesized by the solvothermal reaction of Dy(NO 3 ) 3 ·6 H 2 Owith HINO in DMF.Inview of its porous structure and thermal stability (see Figure S1 in the Supporting Information), as olvent exchange reaction was performed (Scheme 1). Thei somorphic phase Dy 2 -CH 3 CN was obtained by soaking Dy 2 -DMF in six sequential aliquots of acetonitrile at room temperature. Thee xchanged solvent molecules in Dy 2 -CH 3 CN could be readily resolved by single-crystal X-ray diffraction analysis, and complete exchange was further confirmed by elemental analysis and thermogravimetric analysis.S ignificantly,t his single-crystal to single-crystal transformation is fully reversible,asdetermined by both single-crystal and powder X-ray diffraction analyses (see Table S1 and Figure S2 in the Supporting Information). Moreover,t he evacuated framework (Dy 2 -A) without any guest solvent was successfully prepared and fully characterized (Tables S1, Figure S1 , S2).
Thec rystal structure of the parent phase Dy 2 -DMF consists of binuclear Dy 2 units connected within ap orous three-dimensional network (Scheme 1a nd Figure 1 Them ain distinctions between the crystal structures of Dy 2 -DMF and Dy 2 -CH 3 CN arise from the differing solvent molecules residing within the pores and how they interact with the surrounding framework ( Figure S3 ). These effects lead to subtle differences in the structures of the Dy 2 units: the Dy···Dy separations are 4.0483(3) and 4.0090(2) , the DyÀOd istances range from 2.312 (2) (Table S2 ). It is noted that an almost identical structural form of Dy 2 -A with Dy 2 -MeCN but not with Dy 2 -DMF was found by the comparison of the crystal structures of the three frameworks.W ea lso note that the Dy 2 ···Dy 2 separation between the midpoints of neighboring Dy 2 units are all greater than 10 , suggesting an absence of significant magnetic exchange interactions between binuclear units.
Direct current (dc) magnetic susceptibility data were collected for the three MOFs in the temperature range 2-300 Ku nder an applied field of 1kOe (Figure 2a nd Figure S4) Thei sostructural nature of the three frameworks,a nd especially the very similar core structures of the binuclear nodes,m ight be anticipated to give rise to similar magnetization dynamics at low temperature.H owever,a cm agnetic susceptibility data collected under zero applied dc field reveal significant differences in the observed relaxation behavior (Figure 3a nd Figures S5-S9) , indicating the dominance of differing relaxation mechanisms depending on the guest molecules present within the pores.F or Dy 2 -DMF,the peaks in the out-of-phase ac susceptibility only appear at very high frequencies of near 10 kHz. Thec orrelation between the relaxation time (t)and temperature (T)can be obtained from ap lot of ln(t)v ersus ln(T)t og ive an n value of 1.7 (n is the parameter that represents the relation between relaxation time and temperature in the equation t = T -n ), indicating that relaxation occurs mainly by ad irect process ( Figure S10 ). In contrast, for Dy 2 -CH 3 CN slow magnetic relaxation was observed for aw ide range of frequencies and temperatures. To distinguish between glassiness and superparamagnetism, the parameter f,d erived from the equation f = (DT p /T p )/ D(log n), was calculated (T p is the peak temperature of the inphase ac susceptibilities). [15] Thec alculated value of f = 0.18 lies within the range 0.1-0.3, as expected for superparamagnetic behavior. To extract relaxation times,a cs usceptibility data can be fitted with ageneralized Debye model, as shown in Cole-Cole plots (Figure S7-S9, Tables S3, S4) . [16] The resulting temperature dependence of the relaxation time is shown in Figure 4 . Spin-lattice relaxation processes,s uch as Raman or quantum tunneling processes,c an coexist with Orbach (or thermally-activated) relaxation, but dominate in ad ifferent temperature range.A th igh temperatures,a n Orbach process is mainly responsible for the relaxation, whereas at low temperatures gradual transitions are observed as ar esult of non-Orbach relaxation. Af it employing Equation (1) (where t QTM is the quantum tunneling of magnetization relaxation time, C is the coefficient of Raman process, U eff is the energy barrier to magnetization reversal, and k B is the Boltzmann constant) gives good agreement with the data over the entire temperature range with parameters of t QTM À1 = 26.8 s À1 , C = 0.0057 s À1 K À6.69 , n = 6.69, t 0 = 3.24 10 À11 s, and U eff = 76 cm À1 (110 K). ForDy 2 -A, the magnetization dynamics are very close to those of Dy 2 -CH 3 CN because of the almost identical structural form of Dy 2 -A with Dy 2 -MeCN ( Figures S5, S6 , S9, S11 and Table S5 ). for Dy 2 -CH 3 CN. Data in the hightemperature regime were obtained using aPPMS instrument, and data in the low-temperature regime were measured using aSQUID-VSM instrument. All data were collected under zero dc field. QTM = quantum tunneling of magnetization.
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From the analysis of the ac data, afit employing Equation (1) also gives good agreement with the data over the entire temperature range ( Figure S11) , n = 5.71, t 0 = 1.81 10 À11 s, and U eff = 67 cm À1 (97 K).
To elucidate the differences in magnetization relaxation dynamics between Dy 2 -DMF and Dy 2 -CH 3 CN (or Dy 2 -A), ab initio calculations were performed at the CASSCF/SO-RASSI/SINGLE_ANISO level using the Molcas 7.8 program (Tables S6-S9 , Figure S14 and S15). [17] Thelevels for the lowlying spectra associated with the Dy III centers are listed in Table S7 , and the g tensors of the lowest-lying Kramers doublets are provided in Table S8 . From this data, the firstexcited Kramers doublet is evident at 60, 66, and 53 cm À1 for Dy 2 -CH 3 CN,D y 2 -A, and Dy 2 -DMF,r espectively.B oth computational approximations,small fragment with abigger basis set and larger fragment with as maller basis set, predict that the ground Kramers doublet is less axial in the case of the DMF analogue than for the acetonitrile compound or for the evacuated framework (Table S8 ). Owing to the presence of an inversion center in the Dy 2 unit of both MOFs,t he main anisotropy axes of the Dy III centers are parallel to each other, as shown in Figure 1 .
Thed ipolar interaction between the Dy III centers within abinuclear unit was calculated on the basis of ab initio results, while the magnetic exchange interaction was taken into account within the Lines model [17a,18] using the POLY_A-NISO program. TheL ines exchange parameters were determined by fitting the experimental magnetic susceptibility data (Figure 2a nd Figure S4 ). As shown in Table S9 , the dipolar interaction is stronger than the exchange interaction and stabilizes the parallel alignment of the local magnetic moments of the Dy III centers in the ground exchange doublet (Figure 1) Table S7 ), and that of Dy 2 -A lies at 66 cm À1 ,inreasonable agreement with the experimental results.T he foregoing results clearly reveal the origin of the magnetization dynamics:a )the similar energy barriers are mainly from the single-ion anistropy of the Dy III centers because of the similar coordination environments;b )the subtle differences caused by either the guest molecules or no guest molecule lead to different dipole-dipole interactions which tune the relaxation rate of incoherent quantum tunneling to give drastically different effective relaxation barriers.
Additionally,c onsidering that the single-ion anisotropy contributions from the two Dy III centers in the bimetallic units are symmetry related, the continuous symmetry measure (CSM) method was employed to evaluate the deviation from an ideal monocapped square antiprismatic coordination geometry. [19] Herein, the larger the calculated CSAPR-9 parameter,t he greater the deviation from an ideal C 4v symmetry.T he calculated CSAPR-9 parameters are 2.011, 1.727, and 1.879 for Dy 2 -DMF,D y 2 -CH 3 CN,a nd Dy 2 -A, respectively,i ndicating that there is relatively little geometric difference between the binuclear units in all the three structures.T his is further consistent with the results of the ab initio calculations of the similar energy gaps between the ground and the first excited states for the Dy III centers in all compounds.T hus,t he different solvent molecules or no solvent molecule within the pores of the MOF play an important role in influencing the dipole-dipole interactions, in accordance with the very different magnetic dynamics observed. Accordingly,the ab initio calculations based on the single-crystal structures afford substantially different values for the dipolar coupling of 2.11 cm À1 for Dy 2 -DMF,1.81 cm
À1
for Dy 2 -CH 3 CN,and 1.81 cm À1 for Dy 2 -A. To our knowledge, this is the first example in which guest molecules are employed to adjust the dipole-dipole interactions and thereby tune the relaxation rates arising from incoherent quantum tunneling of the magnetization.
In summary,e xchange of the guest molecules within the pores of an ew lanthanide-based MOF featuring binuclear Dy 2 III single-molecule magnets as nodes has been demonstrated to impart major changes in the magnetization relaxation dynamics.G uest exchange reactions interconverting the two frameworks from single-crystal to single-crystal were successfully performed using DMF and acetonitrile. Magnetic susceptibility measurements and ab initio calculations have shown that the subtle structural changes associated with guest solvent exchange can lead to drastic improvements in SMM behavior. This work not only illustrates ac hemical means of combining SMMs and MOFs in molecule-based materials,b ut also provides ap owerful new platform for tuning SMM behavior.
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